The central hypothesis of this study was that matrix metalloproteinases (MMPs) would be enhanced following murine chlamydial infection and that their expression would vary in mouse strains that differ in their susceptibility to chronic chlamydia-induced disease. To address this hypothesis, female C3H/HeN and C57BL/6 mice were infected intravaginally with Chlamydia muridarum. Uterine and oviduct tissues were assessed for transcription of MMP genes and their tissue inhibitors. An increased activity of MMP genes relative to preinfection tissues was observed in the C3H/HeN mice when compared to C57BL/6 mice. Using gelatin zymography, we detected constitutive MMP-2 activity in both strains of mice but an increase in MMP-9. Casein zymography indicated the presence of two elastase-like activities consistent with MMP-12 and possibly MMP-7. Western blotting and antigen capture enzyme-linked immunoassay also confirmed an increase in MMP-9 but constitutive MMP-2 expression subsequent to the infection in both strains of mice. In C57BL/6 mice, MMP-9 was present in monomer and dimer form throughout the 56-day monitoring period. C3H/HeN mice produced dimeric MMP-9, but increases in the monomer form were also observed through day 14. Post-translational modification of MMP-9 between the two strains also differed. Immunohistochemistry revealed neutrophils as a prominent source for MMP-9 in both strains of mice. We conclude that differences in the relative expression and activity of MMPs, particularly MMP-9, occur in mice differing in their susceptibility to the development of chronic chlamydial disease. These differences may account for disparate outcomes with regard to chronic sequelae of the disease.
Mouse strains have been characterized into susceptible or resistant phenotypes based on a variety of outcomes following chlamydial infection, regardless of the chlamydial strain or infection routes used. In lung and intraperitoneal infections, susceptibility is based on lethality and pathology (4, 53) . In urogenital infection, disease outcomes assessed have been tubal scarring (39, 40) , infertility (7, 11, 43) , histopathology or gross pathology (7, 39) , and infection course (7) . Despite the variations in parameters of chlamydial strain and outcomes assessed, the phenotypes remain constant in urogenital tract infections. C3H/HeN (H-2 k ) mice are classified as susceptible, BALB/c (H-2 d ) mice as moderately susceptible, and C57BL/6 (H-2 b ) mice as resistant. In murine lung infections with Chlamydia psittaci, the disease may take on a completely different pattern of susceptibility and this may reflect differences in immune effectors at distinct anatomical sites (17) . The importance of these strain differences lies in the opportunity to compare host responses between strains and subsequently identify the risks of adverse infection outcome and subsequent chronic chlamydial disease.
Hydrosalpinx formation, infertility, and fibrotic oviduct occlusion are routine consequences of infection following a single urogenital inoculation of Chlamydia muridarum (previously, the mouse pneumonitis strain of Chlamydia trachomatis, MoPn) in susceptible mouse strains, though these sequelae also occur in resistant strains at a lower rate (7, 11, 39, 40) .
Tumor necrosis factor alpha and interleukin 1␤ (IL-1␤) levels are markedly elevated in the C57BL/6 mice relative to C3H/ HeN mice, and there are correlative data related to a prolonged presence of neutrophils and coincident increases in chemokine macrophage inflammatory protein 2 in the susceptible strains (8, 9) . Apoptosis and Toll-like receptor 2 signaling have both also been implied in initiating and regulating inflammatory damage in this model (10, 32) . Cumulatively, these data indicate that variances in the innate response to the infection are likely to be associated with adverse infection outcomes in this model.
We have found that nitrogen and oxygen radicals interact to have a major influencing role on pathogenesis in this model (35, 36) . In the absence of phagocyte oxidase, mice are spared the chronic sequelae of hydrosalpinx and infertility following chlamydial infection whereas the loss of inducible nitric oxide synthase significantly increases the rate of chronic sequelae. Interestingly, oxygen and nitrogen radicals have likewise been shown to have opposing regulatory effects on host enzymes that influence the degradation of the extracellular matrix (ECM) (23, 28, 31) . The matrix metalloproteinases (MMPs) are a class of zinc-dependent proteinases that are involved in the proteolysis and resynthesis of the ECM (21, 29) , processing of cytokines to active forms as well as the release of sequestered growth and signaling factors (15, 27, 30) , and chemotaxis and migration of leukocytes through inflamed tissues (30, 44, 45) . Dysregulation of MMPs has been attributed to diseases such as atherosclerosis, angiogenesis, tumor growth and metastasis, rheumatoid arthritis and other autoimmune disorders, and chronic fibrotic diseases as reviewed in references 12, 37, and 38). Hence, many factors (nitrogen and oxygen radicals, chemokine and cytokine expression patterns, etc.) may alter the expression or activity of MMPs during an inflammatory event and altered MMP activity may, in turn, influence the turnover of the ECM by either suppressing or enhancing excessive ECM production (i.e., fibrosis). With regard to chlamydial infections, a role for MMP has also been proposed in trachoma (1, 2) and enhanced MMP expression has been reported in an in vitro model of human fallopian tube infection (3) .
In the present study, as a first step toward delineating possible differences in MMP activity in mouse strains that differ in their susceptibility to chronic chlamydial disease, we assessed the production of MMPs and their natural tissue inhibitors (TIMPs) on the transcriptional, translational, and post-translational levels subsequent to MoPn urogenital infection. This was accomplished by using mini-gene arrays, gelatin and casein zymography, antigen capture enzyme-linked immunoassay (EIA), and Western blotting. treatment (animals with no P4 pretreatment but which were inoculated and followed in parallel with P4-pretreated mice). In summary, it was found that P4 tends to moderately suppress background (day 0) MMP-2 and MMP-9 expression but otherwise had no discernible effect on the overall results observed for MMP expression subsequent to infection.
Zymography. At the time of specimen collection for RNA isolation and transcriptional profiling as described above, the contralateral upper uterus and oviduct were excised and homogenized in cold PBS (pH 7.2). The homogenate was cleared of debris by centrifugation at 800 ϫ g for 10 min at 4°C, and the supernatant was frozen in aliquots at Ϫ70°C. Total protein content was determined by the bicinchoninic acid method (Pierce BCA; Pierce-Endogen, Rockford, IL), and loading amounts were standardized to the lowest protein concentration for all samples from that particular iteration of the experiment (ranges of 13 to 27 g). Precast zymogram gelatin and casein gels (Bio-Rad, Inc., Hercules, CA) were loaded and subjected to electrophoresis for 100 min with 125 V at room temperature using Powerpac 1000 (Bio-Rad, Inc., Hercules, CA) according to the manufacturer's specifications. Following electrophoresis, gels were renatured in Novex zymogram renaturing buffer (Invitrogen, Carlsbad, CA) for 30 min at room temperature and then incubated overnight at 37°C in Novex zymogram developing buffer (Invitrogen) to allow degradation of the substrate (gelatin or casein) in the gel matrix. The gels were then washed and stained with 0.4% (wt/vol) Coomassie brilliant blue R-250 (Fisher Scientific, Inc., Fairlawn, NJ) for 1 h then successively destained until distinct bands appeared against a blue background, indicating degradation of the substrate in the gel matrix. Gelatin zymograms are used to detect gelatinase activity, whereas detectable activity on casein zymograms is generally taken to reflect elastase activity. On each gelatin gel, human MMP-9 (trivial names, gelatinase B and type IV collagenase) and MMP-2 (trivial name, gelatinase A), and on each casein gel, human MMP-12 (trivial name, macrophage metalloelastase), were loaded as standards according to the manufacturer's specifications (Chemicon, Inc., Temecula, CA). Semiquantitative analysis of zymogram activity was conducted essentially as previously described (26) . Photographs of gels were scanned as described above for transcriptional profiling, and pixel density was analyzed using Scion Image Beta 4.02 software (Scion Corporation, Frederick, MD). Background normalization was conducted for reading from each zymogram.
Western blot analysis. Using the same homogenate samples prepared for zymography as described above, 60 g of total protein was loaded with (reducing) or without (nonreducing) ␤-mercaptoethanol and heating onto precast 10% Tris-HCl polyacrylamide-ready gels (Bio-Rad, Inc.). The inclusion of the reducing agent was used to determine the presence of disulfide-linked dimers of MMP-9 versus monomers (45) . Precision Plus protein dual-color standards were used to determine the approximate molecular masses of resolved proteins (BioRad, Inc.). Electrophoresis was conducted for 55 min with 200 V at room temperature using a model 200/2.0 power supply (Bio-Rad, Inc.). Separated proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Inc.) for 2 h with 25 V at 4°C using Powerpac 1000 (Bio-Rad Inc). Membranes were blocked overnight at 4°C with a casein blocking buffer. To detect MMP-2 (gelatinase A) protein, PVDF membranes were probed with 0.25 g/ml polyclonal goat anti-mouse MMP-2 (R&D Systems, Inc., Minneapolis, MN) and binding was detected using a 2 ϫ 10 Ϫ4 dilution of peroxidase-conjugated rabbit anti-goat immunoglobulin G (IgG; Pierce-Endogen, Rockford, IL). For detection of MMP-9 (gelatinase B) protein, PVDF membranes were probed with 1.5 g/ml monoclonal anti-mouse MMP-9 (R&D Systems, Inc.) and binding detected with a 3 ϫ 10 Ϫ4 dilution of peroxidase-conjugated goat anti-rat IgG (Pierce-Endogen). Membranes were developed in Super Signal West Pico substrate (Pierce-Endogen) for 5 min and exposed to Kodak Biomax ML film for 1 h.
EIA for MMP-2 and MMP-9. The same homogenate samples prepared for zymography and Western blotting as described above were used for the antigen capture EIA detection of total MMP-2 and proMMP-9 according to the manufacturer's instructions (R&D Systems, Inc., Minneapolis, MN). Average values were obtained from duplicate samples. When values for a specific sample fell outside of the range of the standards, separate aliquots were thawed, rediluted to achieve a value within the range of the standard curve of the assay, and assessed again. Values were then standardized to protein content and dilution factor (if used) and are reported as ng of total MMP-2 or proMMP-9 per mg of protein for that sample.
Immunohistochemistry for neutrophil-associated MMP-9. At day 14 postinfection, a portion of the mice was euthanized and genital tract tissues were excised and embedded in optimum cutting temperature embedding media (Sakura Finetek, Inc., Torrance, CA). Day 14 was selected because our experience indicated this to be a time of fairly uniform involvement of oviduct with regard to ascension of the infection and accompanying inflammation in this 
RESULTS

Infection course.
The infection course for MoPn urogenital infections in female mice has been described in several studies (34) , and our present results did not vary significantly from these prior reports (Fig. 1 ). This figure is presented for reference purposes only. In general, the infection peaked between 4 and 10 days postinoculation, averaging between 10 5 and 10 Table  1 shows the results of mini-gene array analysis targeting the assessment of 18 murine MMP genes and 4 TIMPs. In this table, expression is shown as a numerical increase, a numerical decrease, or no change in transcriptional activity in the specific genes relative to day 0 postinfection for both C3H/HeN and C57BL/6 mice. Due to the likelihood of multiple factors influencing MMP and TIMP gene expression in vivo and the resulting wide variances in RNA abundance at any given point in time in a given mouse tissue, we considered it appropriate to apply a stringent standard for relative changes in gene expression. Hence, we arbitrarily considered a relative increase in expression as Ն1.5-fold (Ն50%) whereas a decrease in expression was considered Յ0.5 (Յ50%). Thus, a change by a factor of 0.5 to 1.5 (50% decrease to 50% increase) was considered no change and is shown as such in Table 1 . Were the same assessments conducted under strictly controlled in vitro conditions, one could consider smaller variances in expression significant.
In general, it was observed that C3H/HeN mice expressed more MMP transcriptional activity than the C57BL/6 mice through day 21 postinfection. Particularly enhanced in this strain through day 21 in response to the infection were the genes for MMP-13 (trivial name, collagenase 3), which degrades interstitial or fibrillar collagens; MMP-10 (trivial name, stromelysin 2); MMP-15; MMP-17 (trivial name, membrane type 4 MMP, or MT4-MMP); MMP-3 (trivial name, stromelysin 1); MMP-9 (trivial name, gelatinase B or type IV collagenase); MMP-12 (trivial name, macrophage metalloelastase); and that of its natural tissue inhibitor, TIMP-1. Other genes were observed to be either intermittently increased in expression (e.g., collagenase A, MMP-20) or relatively unchanged by our criteria. Particularly consistent expression throughout the experiment was observed for MMP-2. The sole gene that appeared to be decreased in response to infection in C3H/HeN mice was MMP-7 (trivial name, matrilysin), which is largely an epithelial-cell-derived MMP. Thus, this decrease could be a result of extensive epithelial damage occurring during the infection and the resulting loss of a primary source of this MMP.
Interestingly, in C57BL/6 mice, the expression of most of the assessed genes remained unchanged relative to day 0 and, when changes were noted, decreases in expression were often seen. Beyond day 21 in both strains, MMP and TIMP genes tended to display decreased expression, with the exception of day 35 in the C3H/HeN strain and the TIMP-1 gene at day 56 in the C3H/HeN strain, which were somewhat elevated. The activity of TIMP-2, TIMP-3, TIMP-4, or MMP-2 genes was relatively unchanged in either mouse strain throughout the course of the experiment. Assessment of MMP activity by zymography. Gelatin and casein zymography are useful tools in assessing the activity of gelatinases and elastases, respectively, in various biological samples. They allow qualitative and semiquantitative assessment of the activity of both the zymogen and activated forms of the enzymes against the targeted substrates. Figure 2A and B shows the activity of a lower-molecularmass gelatinase, in upper urogenital tract homogenates from infected C3H/HeN and C57BL/6 mice at the specified time points following infection. Panel A shows that this gelatinase activity comigrated with human zymogen MMP-2 standards-a 72-kDa latent and 68-kDa active form on gelatin zymography. The identity of this activity as MMP-2 was confirmed by Western blotting, which mirrored its constitutive expression by zymography (data not shown). The persistent presence of MMP-2 in either its zymogen or more active form is consistent with the stable MMP-2 gene expression observed and described above and in Table 1 . We also confirmed consistent MMP-2 gene transcription throughout the infection course by reverse transcriptase PCR and Western blotting (data not shown) and by antigen capture EIA (see Fig. 5 , below). A summary of total MMP-2 activity and semiquantitative assessment of the enzyme's activity as assessed on zymography is shown in the top of Fig. 2B . Total zymogram (higher-molecular-mass latent and lower-molecular-mass active form) activity was assessed and is shown in this figure. While zymograms indicated an overall trend toward enhanced MMP-2 expression and zymograph activity following infection, this was not found to be significant with the exception of a significant spike in gelatinolytic activity on day 7 for the C3H/HeN mice (Fig. 2B , top). This activity was also significantly elevated relative to the C57BL/6 strain. A significant difference in MMP-2 activity on day 28 was also observed between the two strains but was not significantly elevated relative to day 0 in either strain. However, a similar difference was observed at day 14 in the uninfected mice and was attributable to high MMP-2 activity in homogenates from two of six C3H/HeN mice at that time (Fig.  2B, bottom) . Hence, while some variances occurred, we could not conclude that any of these were specifically attributable to a response to infection.
A separate higher-molecular-mass gelatinolytic activity in tissue homogenates derived from infected mice was observed. The gelatin-clearing bands indicating this activity migrated to between 100 and 110 kDa. The recombinant human MMP-9 used for a standard in these zymograms migrated at the expected 92 kDa (Fig. 3A) . We ascribed this activity to MMP-9 due to its proximity to human MMP-9; its apparent molecular mass in zymograms corresponded to murine MMP-9, which has been estimated at 105 to 110 kDa (25, 41) , and the presence of a comigrating MMP-9-specific signal on a mouse-specific MMP-9 Western blot (see Fig. 4 , below). In three to four separate experiments and a total of six to eight mice assessed at each time point, the increase in MMP-9 activity was observed only in tissue homogenates of mice which were infected with MoPn. Mice that were pretreated with P4 but not infected and run in parallel with infected mice only occasionally showed MMP-9 activity, and this was observed at very low levels.
A summary of total monomer MMP-9 activity and semiquantitative assessment of the enzyme's activity as assessed on zymography throughout the 56-day monitoring period is shown a Values are the mean of four to six mice per time point in two or three different experiments (depending on the time point) and are expressed relative to P4 pretreatment from day 0 (uninfected), where 1.0 equals day 0 values. We arbitrarily considered a relative increase in expression as Ն1.5 (50% or more above day 0), whereas a decrease in expression was considered Յ0.5 (50% or more below day 0). Hence, a 0.5 to 1.5 (50% decrease to 50% increase) expression value relative to day 0 was considered no change (NC).
b Significant difference between mouse strains at the specified time point was observed using a two-sided t test. P values varied but in each case were Ͻ0.5. The top half of panel B represents the composite zymography results for infected mice, whereas the bottom half of panel B represents the same for uninfected controls followed in parallel with the infected mice. The black and gray bars represent the mean total MMP-2 gelatinolytic activity for tissues derived from C57BL/6 and C3H/HeN mice, respectively (six to eight samples per time point; results are composites of three or four experiments), plus or minus the standard deviation of the mean for each (error bars). Other than days 7 (P Ͻ 0.01, two-way t test) and 28 (P Ͻ 0.04, two-way t test) for infected C3H/HeN mice and day 14 (P Ͻ 0.02, two-way t test) for uninfected C3H/HeN mice, there was no significant elevation in MMP-2 activity relative to the C57BL/6 strain or to the uninfected mice in either strain. Asterisks indicate significant differences between strains of mice.
FIG. 3.
Gelatin zymography for monomeric MMP-9. Panel A shows representative zymograms of homogenized upper genital tract tissues from infected and uninfected C57BL/6 (top) and C3H/HeN (bottom) mice at various days postinfection. Both the 92-kDa latent and 88-kDa active forms have gelatinolytic activity on zymography (as labeled with arrows). The approximate predicted molecular mass of murine monomer MMP-9 at 105 kDa is also labeled (arrows). Abbreviations: Std, recombinant human MMP-9 standards. Panel B shows the results of gelatin zymography relative to total monomer MMP-9 in upper genital tract homogenates. The top half of panel B represents the composite zymography results for infected mice, whereas the bottom half of panel B represents the same for uninfected controls followed in parallel with the infected mice. The black and gray bars represent the mean monomer MMP-9 gelatinolytic activity for tissues derived from C57BL/6 and C3H/HeN mice, respectively (six to eight samples per time point; results are composites of three or four experiments), plus or minus the standard deviation for each (error bars) Gelatinolytic activity was significantly elevated in samples derived from infected C3H/HeN mice relative to day 0 and to samples derived from uninfected C3H/HeN mice beginning day 7 postinfection through day 21 and also day 35 (P values varied but were Ͻ0.04 by a two-way t test in each case). In C57BL/6 mice, monomer MMP-9 gelatinolytic activity was elevated relative to day 0 beginning on day 7 and remained significantly elevated through day 56 (P Ͻ 0.05 in each case). Asterisks indicated significant differences observed between strains at days 7 (P Ͻ 0.01), 28, and 56 (P Ͻ 0.04 for each). A consistent observation noted was that the increased MMP-9 activity was detected earlier in C3H/HeN mice (six of eight at day 4 and eight of eight at day 7) than in C57BL/6 mice (two of eight at day 4 and four of eight at day 7). The difference between the strains was significant at day 7, with C3H/HeN sustaining a higher activity than the C57BL/6 mice (P Ͻ 0.01 by a two-way t test). However, C57BL/6 mice possessed higher MMP-9 activity on zymograms of samples obtained at days 28 and 56 postinfection (P Ͻ 0.04). The activity for C57BL/6 samples remained significantly elevated relative to day 0 from day 7 through day 56 postinfection and for C3H/HeN mice for day 7 through day 21 and also day 35. It should be noted that uninfected mice had no significant increase in MMP-9 activity on zymograms at any time postinfection. In mice that were not pretreated with P4 and not infected, some background MMP-9 activity could be detected but was significantly elevated in response to the infection in a manner similar to that of P4-pretreated mice (data not shown). Thus, while P4 tended to suppress MMP-9 activity on zymograms of tissue homogenates derived from uninfected mice, the overall activity observed following infection was no different than that for mice not treated with P4.
On casein zymography, two bands were inconsistently observed in urogenital tissue homogenate samples following infection in both C3H/HeN and C57BL/6 mice. The first was a higher-molecular-mass band, indicating casein degradation, that comigrated with the recombinant human MMP-12, standard at ca. 57 kDa and probably representing the murine homolog of this enzyme. A low-molecular-mass band was also seen. This was mostly observed in uninfected mice and even enhanced up to 14 days postinfection in these controls that were run in parallel. We believe this latter casein-degrading activity to be attributable to an epithelial metalloproteinase, MMP-7 which can have elastolytic activity (19) . Also, unlike other MMPs, MMP-7 does not contain a hemopexin domain and is therefore of considerably lower molecular mass than other members of the MMP family (49) . Its latent form is 28 kDa, whereas an intermediate and a fully active form migrate at ca. 21 and 19 kDa, respectively. The observed lower-molecular-mass casein-degrading band migrated at less than 20 kDa. MMP-7 is produced primarily by epithelial cells, and this would explain its enhancement in uninfected mice on casein zymograms because progesterone is known to maintain and enhance the epithelial lining in the female upper genital tract. A decrease in gene expression for MMP-7 during peak infection in the infected mice, as seen in Table 1 , is likely attributable to the considerable damage to the urogenital epithelium that routinely occurs, particularly in the susceptible C3H/HeN strain. Unfortunately, we have found that casein zymograms do not stain with sufficient resolution to clearly photograph or assess for semiquantitative analysis, as was described above for gelatin zymograms. At the time of these experiments, commercial polyclonal or monoclonal antibodies against murine MMP-7 were not available for further confirmation of this activity by Western blotting.
Western blot assessment of MMP-2 and MMP-9 expression. In order to verify that the observed gelatinolytic activity on zymography was attributable to MMP-2 and MMP-9, we used Western blotting of proteins resolved under both reducing and nonreducing conditions. The samples used were parallel aliquots of the samples used in the zymography described above.
As we anticipated, Western blotting confirmed the presence of MMP-2 in all samples, regardless of infection, with some sporadic fluctuation in levels that did not necessarily correlate with infection (data not shown). A high-molecular-mass (approximately 250 kDa) signal was seen on Western blots of sodium dodecyl sulfate-polyacrylamide electrophoresis gels of samples under nonreducing conditions that was not seen on Western blots of the same samples under reducing conditions. We interpreted this result as indicating a multimeric complex of latent MMP-2 or MMP-2 with TIMP-1 and MMP-14 (also known as membrane type metalloproteinase 1, or MT1-MMP), as has been reported for the human form of the molecule (22) . For samples treated under reducing conditions, bands at 72 kDa and several lower-molecular-mass bands ranging from ca. 47 to 67 kDa could be observed at times. The former likely represented proMMP-2 enzyme and the latter represented No MMP-9 signal could be detected in Western blot gels of reduced samples derived from uninfected mice (data not shown). Arrows between the panels are labeled to represent the approximate electrophoretic migration of commercially prepared molecular mass markers in each gel.
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on October 15, 2017 by guest http://iai.asm.org/ more active cleavage products of the same. Western blots of tissue homogenate samples derived from uninfected mice showed a banding pattern similar to that of the infected mice, whereas reducing conditions abrogated this pattern in both infected and uninfected mice. Hence, we concluded that MMP-2 was not significantly up-regulated in response to infection and this roughly correlates with our findings on gelatin zymography in Fig. 2A . Figure 4 shows results for Western blot detection of MMP-9 in homogenates of upper genital tracts from infected and uninfected mice. Panels A and B show the results of homogenates of the upper genital tract tissue from infected mice over time under nonreducing conditions, whereas panels C and D are identical samples run under reducing conditions. Panels E and F represent Western blots of samples derived from uninfected mice run in parallel with infected ones under nonreducing conditions. Only results for nonreducing conditions are shown for samples from uninfected mice due to a lack of detection of any signal from Western blots of gels of tissue homogenates from these mice that were run under reducing conditions. This observation is likely due to a fivefold reduced sensitivity of the detecting antibody under reducing conditions (specified in the manufacturer's product information).
In samples derived from uninfected but P4-pretreated mice run in parallel with infected mice, we could often detect a high-molecular-mass signal that migrated just below the 250-kDa molecular mass marker (Fig. 4E, day 0) . We believe this to be the homodimeric form of MMP-9 (ca. 220 kDa). Progesterone pretreatment tended to suppress this signal but only briefly, and this observation was consistent with the zymography results described above. In Fig. 3A and B, which represents nonreducing conditions for samples derived from infected mice, we observed increased expression of the high-molecularmass dimeric MMP-9 signal in response to infection in both the C57BL/6 and C3H/HeN strains of mice. This increase was noted as early as day 4 (C57BL/6) and was particularly prominent at day 7 postinfection in the C3H/HeN mice. It appeared to be substantially elevated in both strains beyond day 10 and throughout the remaining 56-day monitoring period.
In the same figure in panels A and B compared to panels E and F, we observed what appeared to be the expression of monomeric MMP-9 at ca. 100 to 105 kDa. This band appeared beginning on days 4 and 7 in the C57BL/6 and C3H/HeN mice, respectively. However, there were distinct differences between mouse strains in the expression of monomeric MMP-9 that began as early as day 4 postinfection (Fig. 3B and D) . C3H/ HeN mice expressed relatively high levels of MMP-9 monomer from day 7 through day 14, but this band could not be detected beyond day 14 in this strain of mice. C57BL/6 mice also expressed MMP-9 monomer through day 14 but at lower levels than the C3H/HeN mice ( Fig. 3A and C) . Beginning about 14 days postinfection and beyond, C57BL/6 expressed high levels of MMP-9 monomer forms through day 35-a time point when the monomer cannot be detected in the C3H/HeN mice. In C57BL/6 mice, the monomer band actually appeared at four distinct molecular mass bands migrating just below the 106-kDa marker on days 14 and 56 postinfection, with a stronger blurred signal at the same molecular mass range at days 21 to 56.
Another interesting result was observed when Western blots of sodium dodecyl sulfate-polyacrylamide electrophoresis gels were run under reducing conditions ( Fig. 4C and D) . As expected, the signal associated with dimeric MMP-9 seen in panels A and B was completely abrogated but the signal associated with the MMP-9 monomer was retained. However, an additional band in the ca. 42-to 45-kDa range was observed between days 10 (C3H/HeN) and 14 (C57BL/6) postinfection and persisted through day 56 with a concurrent reduction of the higher-molecular-mass MMP-9 band signal strength. Because the detecting antibody in this assay is monoclonal and specific for proMMP-9, it is likely that this represents the further post-translational processing of MMP-9 and possibly further conversion to a more inactive form of the molecule by degradation with other MMP, as has been reported for MMP-3 and MMP-13 (14, 45) . Nearly all detectable MMP-9-specific signals in reduced samples from C3H/HeN mice beyond day 21 were of this form. As previously mentioned, it should be noted that this detecting antibody loses sensitivity under reducing conditions and this may account for the loss in signal strength. Finally, we were unable to detect any signal on Western blots of samples subjected to reducing conditions from uninfected mice (same samples in Fig. 4E and F) and this too was likely attributable to a loss in sensitivity of the assay under reducing conditions (data not shown).
EIA for MMP-2 and MMP-9.
In order to further confirm the production of MMP-2 and MMP-9, we used commercially available antigen capture EIAs. When referencing these data, it is important to note that the assay for MMP-2 measures total MMP-2 (both active and latent forms) whereas that for MMP-9 measures only proMMP-9 (only latent forms) of the molecules.
In Fig. 5A , we found no significant change in total MMP-2 compared to preinfection levels in either strain of mice. However, total MMP-2 was elevated at days 0, 21, and 28 postinfection in the C3H/HeN mice when compared to the C57BL/6 mice by a two-tailed unpaired t test (P Ͻ 0.008 and P Ͻ 0.04, respectively).
Both strains of mice displayed significantly elevated levels of proMMP-9 following infection (Fig. 5B) . For the C57BL/6 strain, a response was evident in some mice as early as day 4 (four of six responding above day 0 levels; range of responders; 5.5 to 56.6 ng/ml; P Ͻ 0.04 by two-tailed unpaired t test). For the C3H/HeN mice, this difference was first observed and also peaked on day 7 postinfection (seven of seven responding above day 0 levels; range, 6.5 to 114 ng/ml; P Ͻ 0.02). The proMMP-9 remained elevated in both strains relative to day 0 throughout the remainder of the 56-day monitoring period. Though a trend toward higher proMMP-9 production was observed in the C57BL/6 mice when compared to the C3H/HeN strain, wide variances between mice on any given time point prevented these from obtaining significance with the exception of 21 days postinfection (P Ͻ 0.02). Considering that this assay detects proMMP9, these data correlate with the loss of monomer and the appearance of the Ͻ50-kDa band in Fig. 4C and D.
Evidence that neutrophils are a significant source of presynthesized MMP-9 during MoPn urogenital infection. Because we observed significantly enhanced MMP-9 protein levels (by EIA and Western blot analysis) and activity (by gelatin zymography) at time points postinfection correlating with peak in-flammatory responses, we sought to determine which leukocyte populations infiltrating the affected tissue could be producing it. Thus, we hypothesized that neutrophils could be a significant source. Figure 6 shows immunohistochemistry results on a C3H/ HeN mouse oviduct at day 14 postinfection. Day 14 was selected because our results indicated that a maximal amount of MMP-9 production and activity was evident during this time frame (see above) and because day 14 corresponds to peak acute neutrophilic inflammatory responses on hematoxylin and eosin-stained sections as well as significant pyosalpinx by macroscopic observation (39) . Panel A is a photomicrograph of specific fluorescence on the FITC wavelength filter (green) and indicates staining with monoclonal antibody RB6-8C5, a granulocyte-specific monoclonal antibody (16) . Nuclei were labeled with DAPI and stained blue. As can be seen in this panel, an intense polymorphonuclear granulocyte infiltrate is observed throughout the stromal layers and lamina propria and exuding into the lumen of the oviduct, which is filled with similarly stained cells. Fig. 6B is a photomicrograph of the same section but with the TRITC wavelength filter (red) utilized and indicates specific staining with monoclonal antibody directed against murine MMP-9. The cellular staining pattern is identical to that observed in panel A with the exception that considerable diffuse staining is observed near the lamina propria at the basolateral aspect of the oviduct epithelium and also within the lumen of the oviduct (Fig. 6B, arrows) . This diffuse extracellular staining is less intense or altogether absent as one proceeds away from the oviduct lumen and lamina propria where MMP-9-specific staining is found almost entirely intracellular within the granulocyte infiltrate. We attribute this diffuse staining pattern to MMP-9 release at the site just prior to or during transepithelial migration into the lumen. Interestingly, type IV collagen, a primary constituent of the epithelial basal lamina, is a ready substrate for MMP-9. Panel C is an overlay of panels A and B. The yellow staining pattern indicates colocalization of granulocyte and MMP-9-specific staining patterns such that nearly all MMP-9 cellular staining is associated with infiltrating granulocytes. Given that previous results have shown that Ͼ95% of the granulocytes present in this time frame are neutrophils and only a small minority of other granulocytes (e.g., eosinophils) (7, 39, 40) , we interpret these results to indicate that at least one source of MMP-9 is the primary acute inflammatory cell in this model: the neutrophil. Panel D is a preparation of peripheral blood neutrophils from a normal, uninfected mouse stained in an identical fashion as for the cryosection in panel B. Note that there is intense cytoplasmic staining for MMP-9 in peripheral blood neutrophils. This confirms that murine neutrophils, like their human counterparts, presynthesize MMP-9 and store it in their cytoplasms prior to entry into sites of infection or inflammation (30) . Thus, it is not necessary for MMP gene transcription to occur at the site of inflammation. Though the observations depicted in Fig. 6 are from a C3H/HeN mouse, similar results were observed for C57BL/6 mice with differences not detectable between the two strains. The lack of differences between the two strains may be attributable to a lack of quantitative sensitivity of immunohistochemistry.
DISCUSSION
In chronic chlamydial diseases of humans such as trachoma and tubal factor infertility, it is generally considered that chronic inflammation is responsible for most sequelae (reviewed in reference 50). However, in the murine model, the degree of antecedent acute inflammation has been linked to chronic chlamydial disease (e.g., hydrosalpinx and infertility [7, 9, 39] ). That the acute inflammatory response in many inflammatory or infectious diseases can cause irreversible tissue destruction is not a novel concept (51) . Certainly in any situation, the acute inflammatory state should normally represent a coincident but transient modification of the ECM involving MMP and other proteolytic enzymes that allows for the influx of inflammatory cells and the activation of latent host factors. Eventually, this initial response should give way to remodeling and tissue regeneration with restoration to normal function of the affected tissue or organ. Matrix metalloproteinases have a critical role in many physiological processes, including normal tissue repair responses following inflammatory damage (49) . However, it has been shown that in many inflammation-related diseases, persisting or excessive inflammation can lead to the excessive expression of MMP, which can result in protracted or FIG. 5 . Detection of total MMP-2 and proMMP-9 by antigen capture EIA. (A) These data represent the mean nanograms (ng) of total MMP-2 per mg protein in upper urogenital tissue homogenates derived from C57BL/6 (black bars) or C3H/HeN (gray bars) mice plus or minus the standard deviation (error bars). There was no significant elevation in total MMP-2 by this assay in either strain at any time point postinfection relative to day 0. However, total MMP-2 was elevated in C3H/HeN relative to C57BL/6 mice on days 0, 21, and 28 postinfection (P Ͻ 0.04 in each case by a two-way t test). (B) These data represent the ng of proMMP-9 per mg total protein in the same upper genital tract homogenates shown for total MMP-2 in panel A. Significant elevation in proMMP-9 relative to day 0 was first observed in C57BL/6 mice at day 4 and for C3H/HeN mice at day 7 and persisted through day 56 for both strains (P Ͻ 0.05 by a two-way t test in each case). A significant elevation of proMMP-9 in the C57BL/6 mice relative to the C3H/HeN mice was observed on day 21 postinfection (P Ͻ 0.02). (39) . It was demonstrated that extensive subepithelial as well as lumen-occluding fibrosis occurs as routine sequelae of MoPn infection in mice and is correlated with hydrosalpinx formation and infertility. These findings, as well as observations of MMP expression in trachoma (1) and the in vitro expression of MMP in response to C. trachomatis infection in human fallopian tube organ culture (3), led us to postulate MMP expression in vivo in the murine model. In the present study, we sought to first explore the expression of several known MMPs in mouse strains characterized as susceptible and resistant depending on rates of hydrosalpinx and infertility subsequent to infection. This study was first conducted on a transcriptional level utilizing commercially available mini-gene arrays targeting known MMP and TIMP genes. To summarize our results, we observed the increased expression of genes encoding several MMPs subsequent to infection in the susceptible C3H/HeN strain of mice. With some exceptions, a similar degree of enhanced MMP expression was not observed in the resistant C57BL/6 strain of mice. For example, the expression of genes for MMP-13 and MMP-9 appeared to be consistently enhanced in the C3H/HeN strain over that of the C57BL/6 strain. Others such as MMP-10 and MMP-12 also appeared to be selectively up-regulated in the C3H/HeN mice over that of the C57BL/6 mice, albeit to a lesser degree. Still other genes, such as those for MMP-3, MMP-8, and MMP-17, were more variable but also trended toward a higher expression in the C3H/HeN mice. Some enhancement in the expression of TIMP-1, which is the natural inhibitor for MMP-9, was also observed at several time points in the C3H/HeN strain, with the expression of the remaining TIMP genes not significantly changed in response to the infec- Red fluorescence indicates MMP-9-specific staining which is mostly cytoplasmic in the same cells that stain with the granulocyte-specific monoclonal antibody shown in panel A. However, near the basal lamina of the epithelium and in the oviduct lumen, diffuse extracellular staining is also seen (white arrows). (C) This is an overlay of the two photographs depicted in panels A and B. Yellow staining indicates colocalization of MMP-9 and granulocyte-specific labeling. (D) This is a purified preparation of peripheral blood neutrophils derived from an uninfected C3H/HeN mouse and stained in an identical fashion as the cryosection shown in panel B. The cytoplasm of peripheral blood neutrophils stains intensely red for MMP-9. Photos were taken using a digital camera as described in the Materials and Methods section. Digitally captured images were processed in Corel Draw 11.0 and exported in appropriate file format for publication purposes. tion in either strain. Similarly, the gene for MMP-2 was constitutively expressed and its enzymatic activity on zymography and total MMP-2 protein levels remained relatively constant, as measured by any assay used in this study. This is not an unusual finding for MMP-2, the levels of which are not always changed in response to inflammation but whose absolute activity may be altered through interaction with other MMP. When the latter occurs, it has been reported that MMP-2 can influence the activation of other MMPs (42) and the activity of proinflammatory cytokines (20) in a cascade of enzymatic activation. Because we found that MMP-2 was unaltered in its expression and there was a lack of consistent enhancement in its activity by zymography as a result of infection, we interpret our results to mean that it is unlikely to be involved directly in the pathogenesis of MoPn infection in this model.
The interpretation of these results can be complex due to the fact that MMPs have been shown to be regulated on many levels. This includes transcriptional and translational regulation, post-translational modification, and numerous factors in the extracellular milieu such as free radicals, TIMPs, and other proteases and inhibitors (45, 47, 49, 52) . For example, as mentioned previously, neutrophils may presynthesize MMPs (e.g., MMP-9, neutrophil elastase) and release them following cellular activation whereas other cell types produce them constitutively and still others produce them on demand. Our present data confirm these previous observations in that we found that murine neutrophils presynthesize MMP-9 prior to entering the site of chlamydial infection and apparently release the presynthesized MMP-9 upon stimulation at the site (Fig. 6) . Hence, transcription of a specific MMP gene does not necessarily correlate with production or activity of the enzyme and, conversely, lack of transcription may not mean the absence of enzyme activity. Thus, the significance of the observed transcriptional differences in the present study lies mostly in the ability to provide a platform of selection and further exploration of specific MMPs and TIMPs and the role they may play in the functional balance of tissue degradation in response to this infection. Though significant progress through this type of work can be accomplished in vivo through the administration of MMP inhibitors and application of various knockout mice, an in vitro system that replicates the interaction of the various players seen in vivo (e.g., epithelial cells, neutrophils, etc.) and allows delineation of the specific regulators involved in MMP release and activation would greatly assist in this process. Some very useful systems have been developed for the study of the transepithelial migration of human neutrophils, though this system has yet to be used for the study of MMPs (13, 54 ). An analogous murine system is currently being developed in our laboratory to study the interactions between epithelial cells and neutrophils.
A good example of the complexity of the MMP/TIMP system is the production and activation of MMP-9. Whether MMP-9 is immediately available for action on its substrates (largely, type IV collagen of the basal lamina) depends on the type of cell releasing it and the local milieu at the time of its release. As mentioned previously, while MMP-9 can be synthesized by many cell types, in human neutrophils and band cells, it is synthesized prior to exiting the bone marrow and stored in cytoplasmic granules (30) . On activation, the neutrophil discharges MMP-9 mostly as a monomer but also as a homodimer or a heterodimer with neutrophil-gelatinase-B-associated lipocalin (NGAL) (30, 45) . When derived from neutrophils, each of the forms of MMP-9 is produced sans TIMP-1, which is its normal inhibitor. In contrast, monocyte/ macrophage cells transcribe the gene for MMP-9 only when appropriately stimulated and subsequently release the latent form of the molecule. Although MMP-9 derived from macrophages and other cellular sources is released as homodimers without the neutrophil-gelatinase-B-associated lipocalin heterodimer, it is released in a complex with TIMP-1 and thus needs further processing to become fully active (30) .
One of the difficulties in working with MMP/TIMP data in a murine system is that many of the reagents available are specific for the human molecules and thus most of the background data available are related to human but not murine MMP and TIMP. Assuming that what is know of human-neutrophil-associated MMP-9 holds true in murine neutrophils, one could interpret our present results to mean that neutrophils are a major source for MMP-9 during acute inflammatory responses in this model. Immunohistochemical detection of MMP-9 in murine neutrophils during peak acute inflammatory responses also supports this assertion (Fig. 6 ). In addition, production of dimeric MMP-9 production and the detection of monomer MMP-9 coincident with the onset and during the peak of acute inflammation at days 4 to 10 postinfection as shown in Fig. 4A , B, E, and F also support the role of neutrophils as a primary source of MMP-9 during time points previously shown to coincide with peak acute inflammation. The appearance of higher levels of monomeric MMP-9 gelatinolytic activity early in response to infection in the C3H/HeN strain ( Fig. 3 and 4 , days 7 through 14) likely correlates with the more vigorous acute inflammatory infiltrate in this strain during this same time frame (7, 39) . In addition to day 14, shown herein, immunohistochemical results for MMP-9-specific staining indicate that neutrophils are a significant source of MMP-9 beginning at day 4 and through days 17 to 21 postinfection (data not shown). Lastly, while both monomeric and homodimeric forms of MMP-9 were observed throughout the infection in the C57BL/6 mice, only monomeric MMP-9 was observed to have consistent and significant activity on zymography. Beyond day 21 in the C3H/HeN strain, only homodimers of MMP-9 were observed and there was very little gelatinolytic activity associated with this form of the molecule on zymography.
In Fig. 4C and D, the lower-molecular-mass band (Ͻ50 kDa) observed in reducing gels for Western blot analysis would also be consistent with the post-translational processing of MMP-9. In this regard, the plasminogen activator/plasmin system and other MMPs such as MMP-1, MMP-3, MMP-10, and MMP-13 can regulate the activity of MMP-9 (14, 45) . In some cases, this processing converts proMMP-9 to a more active but slightly lower-molecular-mass form via cleavage of a 5-amino-acid segment of the proMMP-9 molecule. In other instances, MMP-9 is cleaved to an inactive form in the same molecular mass range seen in Fig. 4C and D. Interestingly, we observed that transcription of the genes for several of these MMP-9 coregulating MMPs was enhanced in response to infection (Table 1) , particularly in the C3H/HeN strain. On Western blots, monomer MMP-9 was observed in both strains of mice but appeared earlier in the infection course and was more abundant in the C3H/HeN strain. In light of the findings that monomeric MMP-9 is more active than dimeric forms (45), we interpret these observations to indicate an abundance of active MMP-9 earlier in response to infection in the C3H/HeN mice than the C57BL/6 mice. However, as the infection resolves (day 21 and beyond), the C57BL/6 mice appear to produce a more monomeric form of the molecule and less conversion to the putative inactive low-molecular-mass form. This could be at least one event that influences the differences in epithelial dissolution and the resulting ECM accumulation and fibrosis between these two strains. Whether these observations may ultimately be linked to the observed differing disease outcomes in these two strains of mice is not clear at this time.
Another point of regulation for MMP-9 is the availability of TIMP-1. While we did not directly assess TIMP activity on MMP-9 in our experiments, we did find enhanced TIMP-1 gene expression through day 21 in the C3H/HeN mice. The activity of MMP-9 derived from any cell type may be regulated by the availability and concentration of TIMP-1 in the extracellular matrix (reviewed in reference 45). Most cells (e.g., macrophages and cells of mesenchymal origin) synthesize MMP-9 in stoichiometric balance with TIMP-1. Neutrophils, which are abundant for the first 14 days of this infection, particularly in the oviducts of the susceptible strain (45), presynthesize MMP-9 sans TIMP-1 (45) . Another related point of regulation of MMP-9 activity could be the degree of glycosylation. Western blot results presented herein imply at least four molecular mass species of MMP-9 monomers in the C57BL/6 mice compared to C3H/HeN mice. Possessing at least three glycosylation sites, these bands could represent various degrees of glycosylation ranging from full glycosylation to unglycosylated MMP-9 (45). The degree of glycosylation of MMP-9 may affect its catalytic capacity by altering its ability to associate with TIMP-1 (47) . Thus, if a role for MMP-9 in pathogenesis is hypothesized, multiple factors other than mere excessive production may be involved.
Given its predilection for degrading type IV collagen, which is critical in anchoring epithelial cells to the basal lamina of mucosal epithelium, we hypothesize that excessive MMP-9 activity could account for the epithelial dissolution early in the infection (7, 39, 40) . This hypothesis is supported by concurrent collagen IV derangement with the presence of MMP-9-producing neutrophils (33) . Perhaps a protective role for moderate MMP-9 activity later in response to the infection could be postulated for the resistant strain due to the evidence of more MMP-9 activity in this strain during the time frame of infection resolution and tissue repair ( Fig. 2 and 3 ) (see also reference 39). In this regard, a sustained but moderate MMP-9 activity could prevent excessive ECM accumulation and fibrosis in the resistant strain. Other than epithelial dissolution and damage, roles for MMP-9 and other MMPs that have potential consequences on pathological processes include the proteolytic modification of chemokines and inflammatory cytokines (15, 30, 46, 48) and proteolysis-facilitated extravasation, chemotaxis, and the transepithelial migration of inflammatory cells (18, 30, 44, 45) . Thus, it is not difficult to envision the involvement of MMP on multiple levels in the pathogenesis of this infection. The exact influence of MMP on pathogenesis in this model will require careful examination of MMP knockout systems and the use of selective chemical inhibitors of MMP activity in vivo and the implementation of more controlled systems in vitro.
